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I e INTRODUCTION 
The U t i l i z a t i o n  of Doppler microwave techniques f o r  t he  measure- 
ment of s o l i d  p rope l l an t  burning rates has been successfu l ly  demon- 
s t r a t e d  under the  sub jec t  grant.* Both high aluminum content 
p rope l l an t s  (TPH 8009) and low aluminum content p rope l l an t s  (BF-117) 
w e r e  used i n  t h e  inves t iga t ion .  
The measurement w a s  accomplished by determination of t h e  phase 
angle between microwaves inc iden t  upon t h e  burning su r face  and t h e  
microwaves r e f l e c t e d  from the  burning su r face  back through t h e  
unburned propel lan t  P rec i se  measurement of t h e  phase angle requi res  
a d i s t o r t i o n - f r e e  Doppler s i g n a l  which is independent of t h e  ampli- 
tude of t he  microwave s i g n a l s .  Considerable d i s t o r t i o n  and e f f e c t s  
of amplitude w e r e  present i n  a l l  tests conducted. 
Accordingly, a full-bridge microwave in te r fe rometer  w a s  designed, 
purchased, and t e s t e d  i n  91  rocke t  f i r i n g s .  This repor t ' cove r s  t h e  
c h a r a c t e r i s t i c s  of t he  complete i n t e r f e r o m e t r i c  system, wi th  emphasis 
on t h e  opera t iona l  techniques involved. 
* Wood, H. L. and O'Brien, W. F.; "A Study of t he  Application of 
Microwave Techniques t o  the  Measurement of Sol id  Propel lan t  Burning 
Rates," NASA CR-66627, Apr i l ,  1968. 
11. DESCRIPTION OF THE MICROWAVE SYSTEM 
The microwave system described i n  t h e  following s e c t i o n  i s  a f u l l -  
b r idge  in te r fe rometer ,  capable of operating a t  power l e v e l s  up t o  
140 m i l l i w a t t s  and over a frequency range of 37.8 t o  40.0 GHz. 
The system w a s  designed by t h e  p r i n c i p a l  i n v e s t i g a t o r ,  i n  consul ta t ion  
with microwave engineers of TRG, Inc. ( a  subs id ia ry  of Control Data 
Corporation),  and w a s  f ab r i ca t ed  by TRG, Inc.  
Figure 1 i s  a photograph of t he  microwave in te r fe rometer .  Supporting 
instrumentation is no t  shown. Figures 2 and 3 are schematic diagrams 
showing components of t he  system and t h e  method of s i g n a l  processing. 
Figures 2 and 3 w i l l  be used t o  descr ibe  the  opera t ing  p r i n c i p l e  of 
t h e  in te r fe rometer .  A complete l i s t  of components is presented i n  
t h e  Appendix. 
Operating P r i n c i p l e  of t h e  Interferometer 
Referring t o  Figure 2 ,  microwaves are generated i n  t h e  k lys t ron  
which is  mounted i n  a i r  o i l  ba th  f o r  temperature s t a b i l i t y .  
microwaves are t ransmi t ted  through waveguide p a s t  a f e r r i t e  i s o l a t o r  
which prevents t h e  r e t u r n  of any r e f l e c t e d  microwave energy i n t o  the  
k lys t ron . .  
adjustment. The microwaves then pass through a d i r e c t i o n a l  coupler 
wherein one-tenth of t he  microwave energy is  d i r ec t ed  through a 
resonant cavity frequency meter i n t o  a thermistor mount f o r  power 
measurement. 
The 
A v a r i a b l e  a t t e n u a t o r  i s  next provided f o r  power l e v e l  
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The microwaves then pass i n t o  a second d i r e c t i o n a l  coupler wherein 
another por t ion  of microwave energy, f o r  a re ference  s i g n a l ,  is d ive r t ed ,  
through an a t t e n u a t o r  f o r  re ference  l e v e l  adjustment, i n t o  t h e  l e f t -  
hand s i d e  of t he  br idge  proper. The re ference  s i g n a l  is  then equally 
divided by a hybrid r ing ,  one h a l f  passing i n t o  the  upper s e c t i o n  of 
t h e  br idge  and appearing an another hybrid r ing .  The o the r  h a l f  of 
the re ference  s i g n a l  passes through a 90' phase s h i f t e r  i n t o  t h e  lower 
s e c t i o n  of t he  br idge  and appears a t  a t h i r d  hybrid r ing .  
Meanwhile, t h e  main microwave s i g n a l  passes from the  second d i r e c t i o n a l  
coupler through a f e r r i t e  c i r c u l a t o r  t o  the  antenna loca ted  i n  t h e  rocket 
motor. The antenna, a horn-lens combination o r  a horn alone, transmits 
t he  microwaves through the  unburned propel lan t  t o  the  burning sur f  ace. 
A por t ion  of t h e  microwaves are r e f l e c t e d  from t h e  burning sur face ,  
received by the  antenna, and returned t o  t h e  c i r c u l a t o r .  The c i r c u l a t o r  
prevents the  r e t u r n  of t h e  r e f l e c t e d  microwaves toward the d i r e c t i o n a l  
couplers (and k lys t ron )  and d i r e c t s  them, v i a  an a t t enua to r  and a 
p rec i s ion  phase s h i f t e r ,  t o  t h e  hybrid r i n g  at the  r i g h t  hand s i d e  of 
the bridge. The hybrid r i n g  equal ly  d iv ides  t h e  r e f l e c t e d  microwaves, 
one h a l f  passing i n t o  the  upper s e c t i o n  of t h e  br idge  and t h e  o ther  
h a l f  i n t o  t h e  lower s e c t i o n  of t h e  bridge. 
I n  the  upper and lower hybrid r ings  t h e  re ference  microwaves and t h e  
microwaves r e f l e c t e d  from the  burning su r f  ace are mixed, t h e i r  sum 
appearing i n  one output a r m  of a r i n g  (at de t ec to r s  A and C) and t h e i r  
d i f f e rence  i n  the  o ther  output arm of a r i n g  (at de t ec to r s  B and D ) .  
1, I f  t he  amplitude of the  re ference  microwave s i g n a l  i s  denoted by A 
t h e  amplitude of t h e  r e f l e c t e d  microwave s i g n a l  by A2,  and the  phase 
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angle between the  re ference  and t h e  r e f l e c t e d  microwave s i g n a l s  by 0, 
t he  outputs of t he  square-law c r y s t a l  de t ec to r s  w i l l  be  as shown i n  
Figure 3 .  
By use of d i f f e r e n t i a l  ampl i f i e r s ,  two s i g n a l s  are derived, one 
propor t iona l  t o  Cos 8 and t h e  o the r  propor t iona l  t o  S in  0. The two 
s i g n a l s  are applied t o  the  ho r i zon ta l  and v e r t i c a l  axes of an 
osc i l loscope  as shown. I f  t h e  microwave s i g n a l  is modulated with a 
high frequency square wave, a r a d i a l  d i sp lay  w i l l  be  produced on t h e  
osc i l loscope .  The angular p o s i t i o n  of t he  rad ius  vec tor  is  t h e  phase 
angle between the  re ference  and r e f l e c t e d  s i g n a l s .  I f  t he  re ference  
s i g n a l ,  A1, is maintained cons tan t ,  t h e  length of t h e  vec tor  is propor- 
t i o n a l  t o  the  magnitude of t h e  r e f l e c t e d  s i g n a l .  It should be observed 
here  t h a t  t he  rad ius  vec tor  could not be  c l e a r l y  obtained on t h e  screen 
of t h e  osc i l loscope .  This w i l l  b e  discussed i n  a subsequent s ec t ion .  
A s  burning of t h e  p rope l l an t  occurs, t h e  phase angle between t h e  
re ference  (or i nc iden t )  microwaves and t h e  r e f l e c t e d  s i g n a l  w i l l  change 
with t i m e .  The rad ius  vec tor  on t h e  osc i l loscope  screen  w i l l  r o t a t e ,  
making one revolu t ion  f o r  each half-wavelength of propel lan t  consumed. 
From t h e  angular ve loc i ty  of t h e  rad ius  vec to r ,  the  burning rate of 
t he  p rope l l an t  can be deduced: 
Where: r = Burning rate,  i n / s e c  b 
X = Wavelength of microwaves i n  t h e  p rope l l an t ,  i n .  
w = Angular v e l o c i t y  of rad ius  vec tor ,  rps  
Detailed Procedure f o r  U s e  of t h e  In te r fe rometer  
The following sec t ions  a r e  intended as a guide f o r  a c t u a l  use of 
t h e  in te r fe rometer .  It  should be observed t h a t  some procedures may 
necessa r i ly  have t o  be  determined by t r i a l  and e r r o r ,  dependent upon 
the propel lan t  u t i l i z e d  and the  conf igura t ion  of t he  propel lan t  gra in .  
Typical opera t ing  values w i l l  b e  presented f o r  TPH 8009 p rope l l an t  
g ra ins  approximately 2.5 inches i n  diameter and 2 inches i n  length ,  
f u l l y  r e s t r i c t e d  on t h e  c y l i n d r i c a l  su r f ace  and one end. 
dure app l i e s  only t o  the  in te r fe rometer  employed i n  t h e  sub jec t  i n v e s t i -  
ga t  ion.  
The proce- 
Klystron Operation 
The k lys t ron  is  powered from i ts  own sepa ra t e  supply. It is placed 
i n  opera t ion  by f i r s t  applying r a t e d  fi lament voltage,  wi th  beam vol tage  
a t  zero,  g r id  vol tage  at i t s  maximum negative value,  and r e p e l l e r  vo l t -  
age at  a value previously e s t ab l i shed  f o r  t h e  frequency a t  which the  
k l y s t r o n  i s  t o  opera te  (genera l ly  supplied by the  k lys t ron  manufacturer), 
Following c losure  of p ro tec t ive  r e l ays  (approximately one minute) i n  t h e  
k lys t ron  power supply (as evidenced audibly) t h e  beam vol tage  is slowly 
r a i s e d  t o  r a t ed  va lue ,  Grid vol tage  is then slowly made less negative 
whi le  beam cur ren t  is  observed. A sudden inc rease  i n  beam curren t  ind i -  
cates t h a t  t he  k lys t ron  is  i n  operation. The power l e v e l  i s  then adjusted 
by f u r t h e r  change i n  g r id  vol tage ,  taking care not t o  exceed r a t ed  beam 
cur ren t .  Power level meter readings must be mul t ip l ied  by 10 because of 
t he  p a r t i c u l a r  d i r e c t i o n a l  coupler employed. 
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Frequency o f  opera t ion  can h e  determined by  adjustment of th.e 
resonant-cavity frequency meter u n t i l  a drop i n  power of approxi- 
mately 1 db is  observed, The frequency meter i s  then i n  resonance 
and frequency can be read d i r e c t l y  from i ts  scale, 
of t h e  k lys t ron  can be  ad jus ted  by mechanically changing t h e  k lys t ron  
cavi ty .  
f o r  such. 
ad jus ted  i n  order t o  keep the  k lys t ron  i n  o s c l l l a t i o n ,  
changes should be made a t  relativel? law power, 
The frequency 
An adjustment knob on the s i d e  of t h e  o i l  ba th  i s  provided 
I f  t h e  frequency i s  changed, the repeller vo l t age  should be 
Frequency 
The p a r t i c u l a r  k lys t ron  i n  u s e  w i l l  no t  opera te  s t a b l y  a t  power 
levels less than approximately 25 milltwatts, Thus, f t  i s  advisalile 
t o  opera te  at a h igher  power level and use  the Output attenuator i f  
less than 25 m i l l i w a t t s  is  des i red .  
Typical opera t ing  conditions f o r  the 40VIQ, Om Elec t ronics ,  
k lys t ron  are: 
Heater vol tage :  6 . 3  v o l t s  
Repeller voltage: -240 v o l t s  
Beam voltage: 2400 v o l t s  
Grid vol tage ;  ~ 1 3 8  v o l t s  
Beam cur ren t :  23 milliamperes 
Power: 135 milliwatts 
Frequency: 39.85 GHz ' 
Crys ta l  Detector Adjustment . . . . . . . . , > ,  I . .  I . . . .* < 
The ob jec t ive  o f  c r y s t a l  d e t e c t o r  adjustment As t o  a 6 t a i n  equal 
ou tputs ,  i n  phase, from each p a i r  of d e t e c t o r s  when they are exposed 
t o  t h e  same microwave s i g n a l ,  
10 
With the  k lys t ron  opera t ing  a t  the  des i r ed  power l e v e l  and frequency, 
t h e  a t t enua to r  lead ing  t o  t h e  r e fe rence  s i d e  of t he  br idge  i s  set a t  
zero a t t enua t ion  and the  a t t enua to r  i n  t h e  r e f l e c t e d  s i g n a l  s i d e  of 
t he  br idge  i s  set a t  maximum a t t enua t ion  (50 db).  
i n  t h e  lower s i d e  of t h e  br idge  i s  set a t  approximately 90". 
manner, a l l  four  c r y s t a l  de t ec to r s  are exposed only t o  the  re ference  
microwave s i g n a l  e 
The phase s h i f t e r  
I n  t h i s  
With the  i n t e r n a l  1000 Hz square-wave modulator of t h e  k lys t ron  
power supply i n  opera t ion ,  a s i n g l e  c r y s t a l  de t ec to r  is connected t o  
a s tanding  wave meter and i t s  output observed. 
d e t e c t o r  i s  f i r s t  maximized by success ive  adjustment of i t s  E-H tuner  
and s l i d i n g  s h o r t .  I f  t h e  c r y s t a l  output is  low (as compared t o  t h e  
The output of t h e  
o the r  t h r e e ) ,  i t  may be necessary t o  r o t a t e  and/or s l i d e  t h e  c r y s t a l  i n  
i t s  mount t o  ob ta in  adequate output.  The foregoing i s  repeated f o r  
each de tec tor .  The output of t h e  de t ec to r s  should be  wi th in  approxi- 
mately 2 db of each o ther .  
With a l l  d e t e c t o r s  maximized, a t t enua to r s  provided i n  t h e  output 
cables of each d e t e c t o r  are ad jus ted  u n t i l  t h e  de t ec to r  outputs are 
equal. The d e t e c t o r s  are then connected, i n  p a i r s ,  as shown i n  
Figures 2 and 3 ,  t o  t he  d i f f e r e n t i a l  ampl i f ie rs .  With t h e  k lys t ron  
opera t ing  i n  t h e  continuous wave mode, t h e  output of each ampl i f ie r  
should be zero. If no t ,  f i n e  adjustment of t h e  a t t enua to r s  i n  t h e  
d e t e c t o r  cables is  required.  
I n i t i a l i z i n g  the  System 
Before the  system can 6e i n i t i a l i z e d ,  i t  is  necessary t o  prepare t h e  
test  rocket motor f o r  f i r i n g  wi th  the  horn o r  horn-lens antenna mounted 
i n  i t  and connected by waveguide t o  t h e  in te r fe rometer .  
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The a t t enua to r  at the  re ference  s i d e  of t h e  bridge is  set t o  approxi- 
- 
mately 5 db, a value determined exnerimentally f o r  a 2 inch thickness 
of TPH 8009 p rope l l an t .  This s e t t i n g  can be estimated f o r  o the r  
p rope l l an t s  and thicknesses by moving a shee t  of m e t a l  near  t he  
su r face  of a test  p rope l l an t  s l a b  pos i t ioned  aga ins t  t he  antenna. The 
re ference  s i g n a l  level is  then ad jus ted  u n t i l  a maximum s i g n a l  v a r i a t i o n  
i s  obtained. The a t t enua to r  should then be  set t o  s l i g h t l y  lesser value 
f o r  a c t u a l  opera t ion  s i n c e  t o t a l  r e f l e c t i o n  from the  burning su r face  does 
not  occur. The re ference  s i g n a l  should be approximately equal t o  t h e  
r e f l e c t e d  s i g n a l  f o r  optimum r e s u l t s .  
The a t t enua to r  a t  the  r e f l e c t e d  s i g n a l  s i d e  of t h e  br idge  i s  set  a t  
0 db. The magnitude of t h e  r e f l e c t e d  s i g n a l  i s ,  i n  general ,  q u i t e  s m a l l  
and should not be a t tenuated .  
With the  outputs of t h e  two d i f f e r e n t i a l  ampl i f ie rs  ( s e t  f o r  equal 
gain) connected t o  t h e  two axes of an osc i l loscope ,  t h e  p rec i s ion  phase 
s h i f t e r  i n  the  r e f l e c t e d  s i g n a l  s i d e  of t h e  br idge  is  ro t a t ed  rap id ly  
by hand. The r e s u l t a n t  d i sp lay  on the  osc i l loscope  should b e  a pe r fec t  
circle, centered a t  electrical  ground. I f  t h e  d isp lay  is  an e l l i p s e  
with i t s  axes not  corresponding t o  the  osc i l loscope  axes, t h e  phase 
s h i f t e r  i n  t h e  re ference  arm of t h e  br idge  must be adjusted.  I f  t h e  
d i sp lay  is  an e l l i p s e  with axes coinciding with those of t h e  osc i l loscope ,  
t h e  relative gain of t he  d i f f e r e n t i a l  ampl i f ie rs  should be adjusted.  I f  
t h e  circle is  not centered about e l e c t r i c a l  ground, t h e  c r y s t a l  de t ec to r s  
must be  readjus ted .  
As a f i n a l  check, t he  p rec i s ion  phase s h i f t e r  is ro t a t ed  through 90" 
increments on i ts  c a l i b r a t e d  scale. This should r e s u l t  i n  a s h i f t  of t h e  
osc i l loscope  d isp lay  i n  four  90' increments. I f  n o t ,  t h e  procedure above 
should be repeated, 
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It should be observed t h a t  d e t e c t o r  adjustment and i n i t i a l i z a t i o n  
of t h e  system are very s e n s i t i v e  t o  microwave power l e v e l ,  and ca re  
must be  taken t o  maintain exac t ly  the  same power l e v e l  throughout. 
I n  the  foregoing procedure, t h e  r e f l e c t e d  s i g n a l  i s  pr imar i ly  the  
s i g n a l  r e f l e c t e d  from f ixed  su r faces  wi th in  t h e  rocket motor. To 
e l imina te  these  f ixed  r e f l e c t i o n s  a s l i d i n g  screw tuner  (o r  E-H t une r ) ,  
l oca t ed  i n  the  waveguide between the  in te r fe rometer  and the  antenna, is 
employed. While r o t a t i n g  t h e  p rec i s ion  phase s h i f t e r  by hand, t h e  tuner 
is  ad jus ted  such t h a t  t h e  rad ius  of t h e  circle displayed on the  osc i l loscope  
is  reduced t o  zero. I n  t h i s  manner, t h e  r e f l e c t i o n s  from f ixed  su r faces  
are reduced t o  zero. The system i s  then properly i n i t i a l i z e d  and ready 
€or operation. 
Pe r iphe ra l  Instrumentation and Data Readout 
To conduct a tes t ,  t h e  ouputs of t h e  two d i f f e r e n t i a l  ampl i f ie rs  
are connected through a servo-driven v a r i a b l e  gain device t o  a magnetic 
tape  recorder  as described i n  NASA CR-66627. The two microwave s i g n a l s  
are recorded throughout t h e  test f i r i n g ,  along with o the r  des i r ed  
information. 
To  read out burning rate d a t a ,  t h e  two microwave channels on t h e  
recorder  are connected t o  t h e  two axes of an osc i l loscope .  The 
recorder  i s  then run i n  t h e  reproduce mode a t  reduced speed. A cir-  
c u l a r  d i sp lay  is  produced on t h e  osc i l loscope  screen. 
c a r e f u l l y  centered on the  osc i l loscope ,  t he  screen of t he  osc i l loscope  
is covered with opaque masks, l eav ing  only a t h i n  s l i t  open across t h e  
x-axis, 
With t h e  d isp lay  
A photo-diode and appropr ia te  c i r c u i t r y  is  posit ioned i n  a 
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darkened enclosure such t h a t  i t  can d e t e c t  t h e  passage of t he  e l ec t ron  
beam across the  s l i t .  The output of t h e  photo-diode i s  connected t o  
a recording osci l lograph.  
When the  tape is  played, a series of pulses  i s  recorded by the  
osci l lograph.  Each pulse  corresponds t o  a regression of t h e  burning 
su r face  by one-fourth of a wavelength of t he  microwaves i n  the  pro- 
p e l l a n t .  From the  t i m e  between pulses ,  t he  average burning rate 
over one-fourth wave length of p rope l l an t ,  a t  t he  corresponding t i m e  
increments can be  ca lcu la ted .  
Typical recordings are presented i n  t h e  following sec t ion .  
I11 e EXPERIMENTAL PROGRAM 
A t o t a l  of 9 1  f i r i n g s  were conducted wi th  the  in te r fe rometer  and 
t h e  test rocket motor described i n  NASA CR-66627, using TPH-8009 
propel lan t .  The tests had t h r e e  major ob jec t ives :  
1. To e s t a b l i s h  re ferenc ing  and i n i t i a l i z i n g  procedures 
f o r  the  in t e r f e romete r ,  
2. To eva lua te  t h e  e f f e c t  of microwave power l e v e l  on 
s i g n a l  q u a l i t y ,  and 
3 .  To eva lua te  t h e  c h a r a c t e r i s  t ics  of d i f f e r e n t  horn designs.  
The f i r s t  ob jec t ive  w a s  achieved following 52 rocket f i r i n g s .  During 
these  tests, the  procedures f o r  u se  of t h e  in te r fe rometer  presented i n  
the  preceding s e c t i o n  were developed. The tests were mainly q u a l i t a t i v e  
and i n  many ins t ances  no d a t a  w a s  obtained. Such tests were necessary 
inasmuch as no information w a s  a v a i l a b l e  on t h e  sub jec t  app l i ca t ion  of 
a microwave in te r fe rometer .  
Having obtained a r e l i a b l e  opera t ing  technique, a t t e n t i o n  w a s  d i r e c t e d  
t o  t h e  e f f e c t  of power l e v e l  on s i g n a l  p u r i t y .  A series of tests w a s  
conducted i n  which t h e  power level w a s  var ied  from 15 t o  120 m i l l i w a t t s .  
S igna l  t o  no i se  r a t i o  w a s  found t o  be b e s t  a t  a power level of 45 
m i l l i w a t t s .  During these  tests,  repeated e f f o r t s  were made t o  e l imina te  
the  s t a r t i n g  t r a n s i e n t  appearing i n  t h e  microwave s i g n a l s .  The source 
of t h e  t r a n s i e n t  could not b e  e s t ab l i shed  and i t  could not  be eliminated. 
I n  the  las t  series of tests, t h r e e  d i f f e r e n t  horns were used: a 
commercial 20 db pyramidal horn, a conica l  horn with 10' half-angle,  
and t h e  horn-lens combination described i n  NASA CR-66627. A l l  t h r e e  
horns had e s s e n t i a l l y  the  same aper ture .  
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The tests were Yonducted a t  t h ree  d i f f e r e n t  power l eve l s :  15 ,  25, 
and 45 m i l l i w a t t s .  The horn-lens combination and the  10" conica l  
horn produced microwave s i g n a l s  of comparable good q u a l i t y .  
pyramidal horn produced i n f e r i o r  s i g n a l s  and w a s  abandoned. 
The 20 db 
Concial horns with half-angles of 15" and 20" were a l s o  manufactured 
but  w e r e  not used i n  rocket f i r i n g s  following r e s u l t s  of a s i d e  experi-  
ment i n  which t h e  beam diameter of microwaves i n  propel lan t  w a s  measured 
by use  of l i q u i d  c r y s t a l s .  I n  t h i s  experiment a mixture of Edmund 
S c i e n t i f i c  VL-401-R and VL-401-L l i q u i d  c r y s t a l s  were pa in ted  on one 
s i d e  of a s m a l l  s l a b  of p rope l l an t .  The horn being t e s t ed  w a s  pos i t ioned  
on t h e  opposite s i d e  of t h e  propel lan t .  
t h e  p rope l l an t  caused s l i g h t  temperature changes of t h e  p rope l l an t  wi th  
a r e s u l t a n t  change i n  co lo r  of t h e  l i q u i d  c r y s t a l s .  A change i n  temperature 
of 2OC caused a complete change of co lo r  from red t o  b lue .  
t h e  yellow spo t  s i z e  produced y ie lded  a relative measure of beam diameter. 
The 10" conica l  horn and t h e  horn-lens combination both exhib i ted  a 
beam diameter of approximately 0.5 inches through one-half inch of 
propel ldnt .  
t he  20" horn a beam diameter of 0.85 inches.  T e s t s  were l imi t ed  t o  a 
p rope l l an t  thickness of one-half inch by microwave power ava i l ab le .  
Microwave energy absorbed by 
Comparison of 
The 15" conica l  horn had a beam diameter of 0.7 inches and 
Typical T e s t  Results 
A s  previously mentioned, t h e  tests conducted were mainly q u a l i t a t i v e  
inasmuch as the  v a l i d i t y  of t he  microwave technique had already been proven 
q u a n t i t a t i v e l y .  Thus, only a t y p i c a l  set of test r e s u l t s  is  presented. All 
test  d a t a  is r e t a ined  on magnetic t a p e  by the  inves t iga to r .  
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Shown i n  Figure-4 are recordings of t h e  two microwave s i g n a l s  and 
the  rocke t  motor chamber h i s t o r y .  Figure 5 presents  a time-expanded 
po r t ion  of the  microwave s i g n a l s  and t h e  quarter-wavelength pulses 
derived from the  osc i l loscope  d i sp lay .  
below 
T e s t  conditions are given 
F i r i n g  Number: 87A 
Date: August 26, 1969 
Antenna: Horn-lens combination 
Power Level: 45 m i l l i w a t t s  
Frequency: 39.86 GHz 
Reference Attenuator Se t t i ng :  5db 
Propel lan t :  TPH 8009, 2" thickness 
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, 
Figure 4. Typical Microwave and Pressure 
Recordings (F i r ing  878) e 
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I V .  DISCUSSION 
The major ob jec t ive  of t h e  research covered by t h i s  r epor t  w a s  t o  
ob ta in  high p u r i t y  microwave s i g n a l s  from which burning rate infor -  
mation could be derived. A s  evidenced by the  recordings presented i n  
Figure 5,  such w a s  accomplished. 
Amplitude e f f e c t s  w e r e  el iminated by use  of t he  in te r fe rometer  and 
proper manipulation of t h e  four  microwave s i g n a l s  detected.  Proper 
tuning removed unwanted microwave r e f l e c t i o n s  from f ixed  su r faces  which 
would con t r ibu te  t o  an e r r o r  i n  t h e  rate of change of phase angle and, 
consequently, i n  burning rate. 
U s e  of e i t h e r  t h e  horn-lens combination o r  t h e  10" concia l  horn 
produced high q u a l i t y  s i g n a l s  bu t  t h e  20 db pyramidal horn introduced 
s i g n a l  d i s t o r t i o n .  D i s to r t ion  wi th  t h e  pyramidal horn is  a t t r i b u t e d  
t o  t h e  l a r g e r  area of t h e  burning su r face  i l lumina ted  by t h e  micro- 
waves. I f  the burning su r face  regressed a t  a s l i g h t  angle off normal 
t o  t h e  motor axis, t h e  l a r g e r  area i l lumina ted  would have a pronounced 
e f f e c t  . 
The h igher  opera t ing  frequency, 40 GHz, a compared t o  t h a t  of previous 
tests, improved r e so lu t ion  of t h e  p o s i t i o n  of the burning sur face .  A t  
40 GHz the quarter-wavelength i s  propel lan t  is  0.029 inches,  while a t  
30 GHz i t  i s  0,038 inches. Quarter-wavelength measurements from 
recordings can e a s i l y  be accomplished. 
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It had been an t i c ipa t ed  t h a t  a r o t a t i n g  vec tor  d i sp lay  could be  
obtained on an osc i l loscope  and t h a t ,  by photographing the d i sp lay ,  
much b e t t e r  r e s o l u t i o n ,  even f o r  t r a n s i e n t s ,  could be  obtained. The 
combined c h a r a c t e r i s t i c s  of t h e  1000 Hz square-wave modulator, t h e  
k lys t ron  power supply,  and the  k lys t ron  introduced d i s t o r t i o n  i n t o  
t h e  1000 Hz modulated microwave s i g n a l s  wi th  r e s u l t a n t  severe d i s t o r -  
t i o n  of t he  r a d i a l  vec tor .  
an attempt t o  overcome t h i s  d i f f i c u l t y .  
u t i l i z e  two slits i n  the  mask such t h a t  one-eighth wavelength measure- 
ments could be  made, bu t  allignment of t h e  osc i l loscope  trace became 
v i r t u a l l y  impossible. 
The mask and photodiode arrangement w a s  
An attempt w a s  made t o  
Another approach t o  reduct ion  of d a t a  w a s  an attempt t o  compute t h e  
frequency of t h e  Doppler microwave s i g n a l  d i r e c t l y  from one of t h e  
microwave recordings.  Lack of adequate d i g i t i z i n g  equipment and 
d i f f i c u l t i e s  encountered i n  programming made t h i s  impossible. 
It i s  f e l t  t h a t  t r a n s i e n t  burning measurements can b e  made by the  
in te r fe rometer  i f  t h e  proper d a t a  reduction techniques can be developed. 
It had a l s o  been an t i c ipa t ed  t h a t  t h e  h igher  power a v a i l a b l e  from 
the  40V10 k lys t ron  would permit measurements on p rope l l an t  gra ins  g r e a t e r  
than two inches i n  th ickness ,  However, t h e  dynamic range of t h e  micro- 
wave s i g n a l s  ( i n  excess of 300:l) and t h e  lower signal-to-noise r a t i o  a t  
h igher  power precluded such. With t h e  instrumentation ava i l ab le  i t  w a s  
no t  poss ib l e  t o  make measurements on g ra ins  g rea t e r  than two inches i n  
th ickness ,  It i s  f e l t  t h a t  with improved e l e c t r o n i c  ins t rumenta t ion ,  
wi th  l a r g e  dynamic opera t ing  ranges,  measurements can be made on gra ins  
of g rea t e r  thickness.  
V. CONCLUSIONS 
As a r e s u l t  of t he  sub jec t  i nves t iga t ion  the  following conclusions 
are drawn: 
1. The microwave in te r fe rometer  developed produces high 
p u r i t y  Doppler s i g n a l s  from which burning rate infor -  
mation can be  derived. 
2. Trans ien t  burning rate measurements cannot be cu r ren t ly  
made wi th  t h e  in te r fe rometer ,  b u t  t h e  pos i t i on  of t h e  
burning su r face  can b e  loca ted  wi th in  0.029 inches with 
relative ease. 
3. E i t h e r  t h e  horn-lens combination o r  the  l o o  half-angle 
con ica l  horn are s u i t a b l e  transducers f o r  microwave 
burning rate measurements. 
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VI RECOMMENDATIONS 
It is recommended that attention be directed to improvement of 
data reduction techniques'with the objective of obtaining transient 
burning rate information from the microwave interferometer. 
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V I I I .  APPENDIX 
The following components c o n s t i t u t e  the  interferometer :  
Component 
Klystron , 40V10 
Power Supply, 940 
O i l  Bath, 946 A 
I s o l a t o r ,  All0 
Attenuator ,  A510 
Coupler, A559 
Frequency Meter, R532A 
Thermistor Mount, R486A 
Ci rcu la to r ,  A164 
Attenuator A522 
Hybrid Ring, A600 
Termination, A580 
Phase S h i f t e r ,  A526 
E-H Tuners, A620 
Crystal Mounts, A970 
Crys ta l s  IN53 
Phase S h i f t e r ,  A528 
Mode Trans i t ion ,  A693 
Manufacturer 
OK1 E lec t ronics  
TRG 
TRG 
TRG 
TRG 
TRG 
Hewlett-Packard 
Hewlett-Packard ,I 
TRG 
TRG 
TRG 
TRG 
TRG 
TRG 
TRG 
Sy lvan ia  
TRG 
TRG 
Quantity 
1 
1 
1 
1 
2 
2 
1 
1 
1 
1 
4 
2 
1 
4 
4 
4 
1 
1 
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The following add i t iona l  instruments w e r e  used i n  conjunction 
with t h e  interferometer :  
Standing wave meter, 415E 
Power Meter, 431C 
Oscilloscope, 564 
Tape Recorder, 2000 
D i f f e r e n t i a l  Amplif ier ,  
24708 
Hewlett-Packard 
H e w l e t  t-Packard 
Tek t ronix  
Hew l e t  t-P ackard 
Hew l e t  t-P aclcard 
